ESEARCHERS found that the cytosolic calcium ion may serve as a second messenger in signal transduction for proto-oncogene activation and tumor cell proliferation. 1,2,12 It has been proposed that calcium propagation from cell to cell might play a role in growth control. The loss of regulation of cell proliferation is likely a result of inherent genetic abnormalities and perhaps also of the lack of adequate response to externally generated growth-modulating substances. These substances might be transmitted to the cell through interactions with cell surface receptors or directly from cell to cell via gap junctional complexesJ 4,16 Although little is known about intercellular communication in association with cell surface receptor-operated calcium signal transmission, it has been suggested that the absence of gap junctional complexes is consistent with the overall lack of adequate growth control in neoplastic cells, including glial tumor cells. 6, 8, 11 In the present study, we examined cellular interaction between mobilization of cytosolic calcium and its transmission to surrounding cells in a mouse malignant glioma model, and discuss the biological implication of intercellular calcium signaling. To preserve and display records for analysis, we used a video processor system equipped with digital-imaging microfluoroscopy and a high-resolution program that produced a real-time measurement of the fine intracellular fluorescence intensity in single living cells.
Materials and Methods

Tumor Cel[ Line
An established cell line of a methylcholanthrene-induced ependymoblastoma of C57BL/6 mouse origin, 203-glioma, was used in the study. It was maintained in a monolayer tissue culture with RPMI-1640 medium supplemented with 7% fetal calf serum, penicillin G (200 U/ml), and streptomycin sulfate (50 ~g/ ml). The tumor cell line has been consistently free of Mycoplasma contamination.
Chemical Reagents
A standard solution was generally used, composed of (in mM): NaC1 152, KC1 5.4, CaCI2 1.8, MgC12 0.8, and N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (HEPES) 10 (pH 7.4). In some experiments testing the depletion of extracellular calcium, either absolute calcium-free solution (consisting of (in raM): NaC1 152, KC1 5.4, MgC12 0.8, ethylene glycol bis(beta-aminoethyl ether)-N,N,N',N'-tetra-acetic acid (EGTA) 1.0, glucose 5.6, and HEPES 10 (pH 7.2)) or absolute calciumfree solution without EGTA were used. The patch electrode was filled with a high-potassium solution, consisting of (in mM): KC1 150, MgC12 0.8, NaC1 10, CaCI2, and HEPES 10 (pH 7.4).
Calcium signal transduction in glioma ceils In experiments examining the chemical effects on cytosolic calcium mobilization in 203-glioma cells, a small amount (about 10 /J,l) of the reagents was applied. The compound 8-(diethylamino)octyl 3,4,5 trimethoxybenzoate hydrochloride (TMB-8)* interferes with the release of the calcium ion from intracellular storage sites in the endoplasmic reticulumY Divalent cations such as Cd ++, Co -+, Ni ++, Sr ++, Mg ++, Mn ++, and Ba ++ and other cations such as La +++ were also used.
Measurement by Continuous tmage Subtraction Method
To measure changes in the intracellular calcium ion level, a continuous image subtraction method with fura-2 fluorescence was used, as described by Furuya and Enomoto? Briefly, the cells were incubated in the presence of 1 to 4 txM fura-2 acetoxymethyl ester (1 mM stock solution in dimethyl sulfoxide) for 30 minutes. The cells were coverslipped and set on the stage of an inverted epi-fluorescence microscope equipped with a xenon lamp. The images of fura-2 fluorescence excited at 340 nm were detected by a videocamera connected to an image intensifier, observed through an image processor, and recorded on an S-VHS time-lapse videotape. With the aid of the processor, a reference image at one moment was stored in memory, and the difference between the live image and the reference image was continuously enhanced and expressed. Although this continuous image subtraction method cannot measure the absolute concentration of intracellular calcium ions, it is useful for reallime imaging of intra-and intercellular calcium mobilization. The results were obtained in three to six independent experiments.
Mechanical Stimulus
Under weak illumination of red light (610-am cut wavelength) of an inverted microscope, a single glioma cell in a colony was briefly touched by a fine round-tip glass capillary needle with a heat-blunted microelectrode. We did not use a strong mechanical stimulus since it would cause a large increase * TMB-8 supplied by Aldrich Chemical Co., Milwaukee, Wisconsin.
in intracellular calcium. The membrane injury was easily identified because the fura-2 fluorescence stimulated at both 340 and 380 nm diminished due to dye leakage from the cell.
Intercellular Gap Junctional Communication
To determine whether there was gap junctional communication between 203-glioma cells, a glass micropipette filled with Lucifer yellow dye dissolved in 150 mM LiCI was iontophoretically injected into individual cells. A blue light was used to observe fluorescence during excitation. After microinjection, the spread of the dye fluorescence to neighboring cells was viewed under the microscope and videotaped. This microinjection technique introduces macromolecules into cells by a transient perturbation of the cell membrane that does not affect cell viability. The dye does not travel through intact cell membranes, but its relatively small molecular mass permits diffusion through a patent gap junction. Stewar07 reported that such a dye transfer is related to the morphological presence of gap junctions between cells.
Results
Effect of Mechanical Stimulus on lntracellular Calcium Changes
Real-time image analysis with fura-2 microfluoroscopy showed a marked increase of intracellular calcium ion concentration in a single glioma cell after brief mechanical stimulation with a fine round-tip glass capillary needle (Fig. 1) . The intensification ratio ranged from four-to eightfold. The increased calcium spread to the surrounding cells at a speed of 20/zm/sec for a distance of up to 200/.tin. Calcium propagation was also observed in a cell separate from the initial stimulated cell (Fig. ld) ; in this case, however, there was a time lag until calcium oscillation occurred in the separate cell.
The continuous image subtraction method revealed prolongation of the higher intracellular calcium ion concentration in a directly stimulated single cell, which lasted for the first 120 seconds (Fig. 2a) . The increase was reproducible whenever mechanical stimulation was repeated. Each calcium mobilization was transient and returned to the basal level; however, the waveform of calcium oscillation in surrounding cells was sharper and more monotonous than that observed in the initially stimulated cell (Fig. 2b and c) . The calcium oscillation appeared in surrounding cells whether or not they had direct cellular communication with the initially stimulated cell (Fig. 2b and c) . However, repetitive mechanical stimulation caused little mobilization of cytosolic calcium ion in surrounding cells. This observation suggests that different mechanisms of calcium signaling may exist between a single mechanically stimulated cell and its surrounding cells.
Absence of a Gap Junction on Glioma Cells
The microinjection and cell-to-cell transfer to the tracer were videotaped using a television coupled to an inverted epifluorescence microscope and played back for analysis.
Lucifer yellow staining revealed that the dye did not spread to adjacent cells, but was retained in a single glioma cell as it was injected (Fig. 3 ). This indicates that there is no intercellular junctional communication between monolayer 203-glioma cells and suggests the absence of a gap junction between glioma cells. Thus, it is likely that calcium transmission to surrounding cells may be mediated by a receptor on the cell membrane.
Role of Extracetlular Calcium Influx in Cytosolic Calcium Mobilization
Depletion of extracellular calcium ion by the replacement of calcium-free solution (Fig. 4 upper) or by the addition of divalent cation chelators (Fig. 4 lower) inhibited cytosolic calcium mobilization not only in the directly stimulated single cell but also in its surrounding cells. In the initially stimulated cell, the prolonged high level of intracellular calcium ion concentration diminished and the calcium oscillation waveform became monotomous and sharp (Fig. 4a and d). These waves are similar to those observed in surrounding cells (Fig. 2b and c) . The initial spike was followed by a stable and prominent plateau phase, which depended on extracellular calcium ion. This plateau phase may be caused solely by calcium entry from the extracellular space into the cell. The decreased calcium mobilization was fully recovered when calcium ion was added to the perfusion solution (data not shown), but no major intracellular calcium mobilization was seen in adjacent and separate surrounding cells (Fig. 4b, c, e, f, and g ). This indicates that, when the external calcium ion is depleted, mechanical stimulation causes no changes in cytosolic calcium ion concentration in neighboring cells. It was also found that peffusion of BaC12 increased fura-2 fluorescence intensity, while MnC12 decreased fluorescence intensity (Fig. 5) . Therefore, it is proposed that cytosolic calcium mobilization in a directly stimulated cell can be attributed to mechanisms other than the influx of extracellular calcium ion and that calcium mobilization in surrounding cells is closely linked to an influx of extracellular calcium only.
Correlation of Calcium Efflux With Cytosolic Calcium Mobilization
To correlate cytosolic calcium mobilization with redistribution of intracellular calcium ion from internal stores, the effects of TMB-8 (an inhibitor of intracellular calcium-dependent processes) on calcium mobilization in a calcium-free solution were examined. Calcium oscillation in a directly stimulated cell remained unchanged at a TMB-8 concentration of 100 ~M (Fig.  6a ), appearing as a spike similar to those in Fig. 4a and  d) . It was also found that the transient increase in cytosolic calcium ion concentration was reproducible after a second mechanical stimulation (Fig. 6b and c) . These responses were observed at TMB-8 concentrations ranging from 100 to 500 tzM. Interestingly, such a calcium mobilization was rare after more than three mechanical stimulations. Furthermore, when the TMB-8 concentration was greater than 1 mM, intracellular calcium mobilization was completely abrogated (Fig. 6d) and repeated mechanical stimulation no longer induced calcium oscillation (Fig. 6e) . When the peffusion solution contained sufficient calcium ion, however, the addition of even 1 mM of TMB-8 to 203-glioma cells was seldom followed by suppression of the cytosolic calcium mobilization. These results indicated that the spike is primarily due to calcium release from intracellular stores; however, TMB-8 had no effect on cytosolic calcium mobilization in surrounding cells (data not shown). Accordingly, these findings suggest that intracellular calcium mobilization in a mechanically stimulated cell may be associated with an inward current of calcium ion from internal stores as well as an influx of extracellular calcium ion, while calcium signaling in surrounding cells may be related only to calcium entry from extracellular space into the cells.
Effects of Calcium Channel Blockers on Intracellular Calcium Mobilization
To determine the involvement of voltage-dependent calcium influx in intracellular calcium signaling in 203-glioma cells, we examined the effects of calcium channel antagonists on the transient increase in cytosolic calcium ion concentration in directly stimulated single cells and surrounding cells. The addition of verapamil or nifedipine to 203-glioma cells resulted in no change in the intracellular calcium response (Fig. 7) : that is, both the initially stimulated cell and its surrounding cells revealed the same pattern of transient cytosolic calcium mobilization as shown in Fig. 2 . This suggests that the calcium channel in 203-glioma cells is not a major factor in the voltage-dependent calcium influx.
Discussion
Cell Growth and Calcium Signaling
It has been proposed that the second messenger system associated with intracellular calcium ion may contribute to the regulation of tumor cell growth, although the mechanism of calcium signal transduction is undefined. 3,15 However, there are no previous reports correlating calcium signaling with cell proliferation in glial tumor cells. The present study examined cellular interaction between cytosolic calcium mobilization and transmission to surrounding cells. To simplify the experimental model for determining the mechanism controlling intra-and intercellular calcium signaling in glioma cells, we developed a precise mechanical stimulation system that employed a special glass capillary microelectrode under a microscope. This system was used to investigate the effect of mechanical stimulation on cytosolic calcium mobilization and propagation to neighboring cells in a monolayer mouse malignant glioma cell line.
Mechanical stimulation was applied to analyze calcium signaling in glioma cells, since neoplastic cell proliferation can be promoted by merely touching tumor cells. 18,zl Rozengurt TM has suggested that tumor development is linked to the cellular interaction of calcium signal transduction between individual neoplastic cells. To measure free cytosolic calcium ion in a single glioma cell, we used real-time digitized video-intensified microfluoroscopy with the calcium-sensitive fluorescence dye fura-2 and found that mechanical stimulation induced an increase in intracellular calcium ion levels. This calcium intensification spread to surrounding cells ( Figs. 1 and 2 ). Cytosolic calcium mobilization occurred even in a cell that had no direct intercellular communication with the initially stimulated cell; however, there was a time lag until the calcium oscillation was detected in this separate neighboring cell. This suggests that some stimulating substance is ejected from a single living cell after mechanical stimulation and that the releasing factor may have the ability to induce calcium mobilization in surrounding cells. Repetitive mechanical stimulation did not cause calcium mobilization in surrounding cells, while calcium oscillation was reproducible in the initially stimulated cell. This finding suggests either that, once an activating factor is released from a single cell by mechanical stimulus, this procedure does not cause additional substance to be ejected from the cell or that, if the substance is released after repetitive stimulation, this activity is no longer sufficient to induce calcium remobilization in neighboring cells.
The reason why repetitive mechanical stimuli induce only one influx of extracellular calcium in surrounding cells remains unclear. Identification and evaluation of the biological and functional significance of the releasing factor's effect on oncogene activation should be undertaken.
Receptor-Operated Calcium Signal Transduction
It has been reported that the major sites of calcium signaling are the plasma membrane and the endoplasmic reticulum, and that signal transduction may be independent of or linked to the inositol phospholipid system. 13,2~ In the plasma membrane, calcium signaling depends upon a variety of calcium channels, including channels that are voltage-dependent, receptoroperated, and second messenger-regulated, as well as membranous regulatory mechanisms. However, the mechanism of calcium mobilization in the endoplasmic reticulum is associated with the phosphatidylinositol signaling system. 2 This mechanism is initiated at the cell surface by hydrolysis and phosphatidylinositol biphosphate; the inositol triphosphate produced during hydrolysis stimulates release of calcium from intracellular pools, then activates calcium/calmodulindependent protein kinase. 16 Qualitatively, the calcium ionic response to mechanical stimulation in our study consisted of discrete intracellular calcium transients, biphasic (an initial spike followed by a plateau) in a directly stimulated single cell and monophasic (the spike) in its neighboring cells (Fig. 2) . The initial transient phase (the spike) was primarily due to calcium release from intracellular stores, while a secondary sustained and stable level of intracellular calcium ion was maintained by calcium entry into the cells from the extracellular solution. Dye microinjection demonstrated that there was no gap junctional communication between monolayer 203-glioma cells. It was also clear that the calcium channels responsible for calcium entry into the cytosol of glioma cells were insensitive to voltage blockers (nifedipine and verapamil); therefore, it is conceivable that membranous sites of calcium signaling in 203-glioma cells are not involved in voltage-dependent channels and that calcium transmission to surrounding cells is mediated through cellular interactions with cell surface receptors but not via intercellular gap junctional communication. Because some factors in our experiments were thought to mediate intercellular propagation of the calcium signal, a direct study will be undertaken using protease inhibitors or receptor-blocking antibodies. Further examination of the interrelationship between inositol triphosphate and calcium efflux associated with internal stores will also be necessary.
The different patterns of cytosolic calcium mobilization between an initially stimulated single cell and its surrounding cells should be emphasized. Influx of extracellular calcium via calcium channels on the cell membrane and redistribution of cytosolic calcium from internal stores were involved in calcium mobilization in the mechanically stimulated cell. In contrast, cal-cium transmission to surrounding cells was related to calcium entry only from exlracellular space into the cells, although it remains unclear why the redistribution of intracellular calcium ion from internal stores is not involved.
Analysis of Change in Cytosolic Calcium Ion
Fura-2, a potential sensitive successor for measuring intracellular calcium concentrations, requires a smaller loading quantity into the cells, resulting in less disturbance of the cell cytoplasm and less calcium buffering? 9 In our study, the dye was injected to examine the biological significance of early changes in the cytosolic calcium ion after mechanical stimulation of a single glioma cell. The computerized recording system used in this study can detect light within a single cell with high accuracy, sensitivity, and resolution, so that a small number of molecules can be identified in a limited region within a single cell, and intracellular calcium ions at each point in a single 203-glioma cell can be determined by measuring the fluorescence intensity after excitation at 340 and 380 nm. The 340-nm images showed large regional differences in fluorescence intensity, reflecting both intracellular calcium ion and dye distribution. These differences were also influenced by cell geometry. Division of this image, on a .pixel-by-pixel basis, by that obtained with the 380-nm image resulted in a ratio in which variations in fluorescence intensity within the cell were indicative of spatial variations in intracellular calcium ion. This system enabled us to determine the precise relationship between the fluorescence ratio (340 nm:380 nm) and free intracellular calcium ion in the intracellular environment.
Intracellular Calcium Homeostasis
Calcium ion is not only a key regulatory component of cellular homeostasis but also a cofactor of protein kinase C, reported to be crucial in signal transduction in tumor cells. 4A~ There is interest in the synergism between protein kinase C and calcium pathways associated with regulation of glial tumor cell proliferation because the positive forward action of protein kinase C might control proto-oncogene expression. TM Further study of the relationship between cytosolic calcium mobilization and protein kinase C regulation is warranted.
